INTRODUCTION
The extent to which animal populations may be impacted or adapt in relation to a changing climate is of great concern to conservation biologists (Parmesan et al. 1999 , Walther et al. 2002 , Thomas et al. 2004 , Parmesan 2006 , Hulin et al. 2009 , Game et al. 2011 ). For those species for which temperature influences offspring sex, rising global temperatures may result in skewed sex ratios that could ultimately impact population viability. Migratory marine turtles are of great interest in this regard, since they depend on terrestrial habitats for reproduction and show temperature-dependent sex determination (TSD; Bull 1980 , Yntema & Mrosovsky 1980 , Ackerman 1997 and are thus likely to experience impacts of cli-ABSTRACT: Species with temperature-dependent sex determination (TSD) are likely to be impacted by climate change. There is a paucity of data on the contemporary sex ratios of offspring produced by regional marine turtle populations. The lack of such information inhibits the ability of researchers to accurately predict how future meteorological and climate-driven changes may affect turtle populations. Moreover, these data are integral for the development of regional and global recovery plans for declining turtle populations. We estimate offspring sex ratios for the loggerhead turtle Caretta caretta at a range of beaches on the Mediterranean island of Cyprus over a 10 yr period (1997 to 2006; 40 beaches, 628 clutches, 29 402 hatchlings) . Based on hatchling sex determination, we found the pivotal incubation temperature (the temperature at which a 50:50 sex ratio occurs) to be 28.9°C, and the pivotal incubation duration to be 56.3 d. From the incubation durations of over 628 in situ clutches laid on different beaches, we estimate that 89% of the offspring produced from these clutches were female. There was, however, both inter-annual (74 to 95% female) and inter-beach (58−98% female) variability in mean offspring sex ratios. These findings highlight the need for wide-scale, long-term monitoring of primary sex ratios in order to accurately predict the likely impacts of climate change. Despite spatial and temporal variation in offspring sex ratios produced, male hatchlings are certainly in the minority in Cyprus. It is therefore highly likely that beaches producing males will become increasingly critical habitats for successful clutch incubation in the face of predicted rising temperatures. mate change across all stages of their life cycle (Weishampel et al. 2004 , Chaloupka et al. 2008 , Hawkes et al. 2009 , Robinson et al. 2009 , Witt et al. 2010 , Fuentes et al. 2011 .
Rising temperatures may cause excessive feminisation of marine turtle offspring (Janzen 1994 , Hays et al. 2003 . The loggerhead turtle Caretta caretta has been the most extensively studied marine turtle species to date, with the majority of sex ratio studies reporting a female bias (Mrosovsky & Provancha 1992 , Marcovaldi et al. 1997 , Hanson et al. 1998 , Houghton & Hays 2001 , Öz et al. 2004 , Hawkes et al. 2009 , Witt et al. 2010 ). However, only 7 studies have estimated pivotal temperatures (the temperature at which a 50:50 sex ratio occurs) for this species (reviewed in Hawkes et al. 2009 ) and only 2 of these (Limpus et al. 1985 , Kaska et al. 1998 ) have been based on field studies (Witt et al. 2010) . One of the reasons for the lack of data is that the only reliable method of sexing marine turtle offspring is through histological examination of the gonads, a procedure that requires euthanasia of the offspring and is often considered difficult to justify for imperilled species. Most estimates of population sex ratios use predictive curves created in the laboratory under constant temperature conditions (Mrosovsky 1988 , Marcovaldi et al. 1997 , Mrosovsky et al. 2002 . Field estimates have been based on either sand temperature (Glen & Mrosovsky 2004 , Hawkes et al. 2007 ), clutch temperature (Godley et al. 2001a) , or incubation duration (Marcovaldi et al. 1997 . The latter method is based upon the negative correlation with incubation temperature and thus provides researchers with a cheap, non-invasive and easy to use inferential tool for quickly estimating a population's sex ratio. There is clearly a need for further research into the effects of climate change on offspring sex ratios, which is considered to be one of the highest research priorities to effectively inform marine turtle conservation (Hamann et al. 2010) .
Within the Mediterranean, the loggerhead turtle has the most extensive nesting range, with the majority of nesting occurring around the eastern basin . Most nesting sites to date have been assessed as having reported highly female-biased sex ratios (Margaritoulis et al. 2003 , Witt et al. 2010 . Loggerhead turtle clutches laid on the Mediterranean island of Cyprus have some of the shortest incubation durations and warmest temperatures recorded for marine turtles world-wide, and it has been inferred that this population has an extremely female-biased hatchling sex ratio (Kaska et al. 1998: 69 to 91%; Godley et al. 2001b: ≥90%) .
This may also be exacerbated by Cyprus loggerheads being the smallest and therefore potentially having shallower egg chambers than their conspecifics. These studies have, however, been based on data from 1 or 2 beaches in 1 or 2 study years. The present study provides data on the pivotal incubation durations and temperatures from in situ clutches of the loggerhead turtle in North Cyprus. Using these models, we predict the offspring sex ratios produced from over 600 clutches laid at 40 beaches in North Cyprus over the period of a decade (1997 to 2006) .
MATERIALS AND METHODS

Study site and field monitoring
The present study was conducted on the Mediterranean island of Cyprus between 1997 and 2006 (encompassing 10 nesting seasons). During this period, we carried out regular surveying around the coastline of North Cyprus at over 40 beaches, including all major nes ting sites. Beaches were surveyed every 1 to 3 d throughout the nesting and hatching season (May to October). Incubation durations were determined as the number of days between the night of laying and the night when the first hatchling tracks were discovered. It should be mentioned that field and laboratory incubation durations differ by approximately 4 d -the length of time hatchlings take to reach the sand surface after hatching . Only nests which remained in situ (some clutches were relocated) and successfully hatched were in cluded in this study. Beaches ranged in length from <100 m to a few kilometres, and in sand colour from very dark grey to near white . All beaches were typical of the Mediterranean with no natural shading. For displaying results, we grouped beaches into geographical zones 1 to 6 (Fig. 1 ) accor ding to the protocol described in Broderick & Godley (1996) . Beaches in Zones 1 to 3 were monitored in each year between 1997 and 2006, and those in Zones 4 to 6 were monitored from 1997 to 1999 (after which the local authority took over monitoring according to different methodologies). Data from Zones 4 to 6 are therefore omitted from the extended temporal analyses.
Sex ratio estimation
Currently, the only reliable method of determining the sex of marine turtle offspring is by histo logical examination of the gonads, which requires euthanasia of animals (Yntema & Mrosovsky 1980) . Given that marine turtle populations in the Mediterranean are of acute conservation concern, in this study we sampled only dead offspring found in the nest after hatching. We sampled offspring from 7 clutches, in which hourly temperature was also recorded using Tinytag dataloggers (Gemini Data Loggers; accuracy 0.3°C). Dataloggers were placed in the centre of the clutch of eggs at laying, and the female was allowed to cover her eggs and camouflage her nest as normal. After hatching, nest contents were excavated, the datalogger was retrieved and data were downloaded. To allow for thermal equilibration of the datalogger, temperatures recor ded for 4 h after covering of the nest were discoun ted, as were the temperatures recorded after midnight on the night of the first hatchling emergence. In addition, we included published data from 2 clutches in which live hatchlings were sampled (Kaska et al. 1998) , also from Cyprus -increasing our sample for sex determination to 9 clutches and 48 hatchlings. We do not know female identity for all clutches, therefore we cannot be certain that there are not repeat clutches from the same female; however, it is un likely since the clutches were laid at 4 separate beaches. There is the possibility that different females may have different pivotal temperatures, although currently there is no evidence to suggest that this is the case.
Sex ratio curve estimates
We used generalised linear models with binomial errors for curve estimates using R statistical software: 
RESULTS
Sex ratio curves
Curves were generated to estimate the relationships between sex ratio and temperature (χ 2 = 5.764, df = 1, p = 0.016; Fig. 2a ; Eq. 1) and incubation dura- Fig. 2b ; Eq. 2). From these curves, we determined that the pivotal temperature at which a 50:50 sex ratio is produced is 28.9°C (± SE of 1.1), with a pivotal incubation duration of 56.3 d (± SE of 1.3).
Incubation durations
We recorded incubation durations of 628 in situ clutches that successfully hatched (1997 to 2006) from all zones. Incubation durations ranged from 40 to 66 d (mean ± SD: 49 ± 5 d; Fig. 3 ). Although beaches in Zones 4 to 6 were only monitored over 3 yr (1997 to 1999) of this study, the incubation durations of clut ches laid at these beaches (48 ± 4.1 d; n = 43; range 41 to 58 d) were not significantly different from Zones 1 to 3 (50 ± 5 d; n = 585, range 40 to 66; t-test; F = 1.26, p > 0.05).
Sex ratio estimations
Using the incubation duration curve (Fig. 2b) , we estimate that from our 628 study clutches across the island, 89% of offspring produced were female (SD = 26%, range = 0 to 100%). All but one of our 40 study beaches produced highly biased (> 70%) female sex ratios, although it should be noted that one beach produced an almost equal hatchling sex ratio (42% males) but supported very low levels of nesting (< 5 clutches laid at this site per year). In Fig. 1 , we present the mean sex ratio in each of the 6 study zones and the magnitude of nesting at these sites. Mean incubation durations of clutches laid in Zones 1 to 3 over the 10 yr study period ranged from 48 to 52 d (Fig. 4a) , with mean sex ratios ranging from 74 to 95% female (Fig. 4b) . Zones 4 to 6 were only monitored for 3 seasons (and thus were not included in this ana lysis), but their results are similar (incubation duration 47 to 58 d and mean sex ratio range 54 to 97%). Godley et al. (2001a,b) reported that high intranest temperatures and very short incubation durations of loggerhead turtle nests at Alagadi Beach, North Cyprus (Zone 1), were likely to result in an extremely female-biased hatchling sex ratio. The calculations used to make these conclusions were based on the assumption that the TSD mechanism in Mediterranean turtles was similar to conspecifics elsewhere (USA: Brazil: Marcovaldi et al. 1997 ). The sex ratio curves generated in this study confirm that they are indeed similar to those produced for other conspecific populations. Additionally, the estimated pivotal incubation temperature and duration are also in line with previous studies (Mrosovsky 1994 , Marcovaldi et al. 1997 , Kaska et al. 1998 , Mrosovsky et al. 2002 , and the relationship between temperature and sex ratio appears relatively conserved within and among marine turtle species (Mrosovsky et al. 2002 , Godfrey & Mrosovsky 2006 ) Our site-specific curves enabled us to generate more robust and population specific estimates of the hatchling sex ratios produced over a decade, and are cause for conservation concern. It is very clear that the offspring sex ratio in Cyprus is highly female biased and is likely to become further biased with the predicted increase in temperatures in this region (IPCC 2000 , Witt et al. 2010 ) -potentially leading to a reduction in reproductive males.
DISCUSSION
In the present study, we have shown variation in incubation durations and sex ratios over wide temporal (10 yr) and spatial scales (40 beaches, covering a coastline of > 300 km and a latitudinal range of approximately 60 km). Previous loggerhead turtle sex ratio estimates in northern Cyprus have been restricted spatially to a single beach, and temporally to a period of 4 and 6 yr (Godley et al. 2001a,b) . Other studies within the Mediterranean region also have a restricted coverage in both time and space. Zbinden et al. (2007) encompassed a period of 2 yr and 6 beaches on the island of Zakynthos, Greece (covering a total distance of approximately 10 km). Even within this relatively restricted time frame and spatial coverage, incubation durations varied considerably among beaches (40 to 85 d, n = 545). Two beaches within this study site were significantly different in sex ratio estimates (male biased) compared to the other 4 (female biased). However, Rees & Margaritoulis (2004) found little variation in mean incubation durations among nesting areas of Kyparissa Bay, Greece. This study comprised one section of beach (10 km) during the 2003 nesting season and produced a female-biased hatchling sex ratio. Loggerhead turtles nesting at Fethiye beach, Turkey, demonstrated a rela tively wide variation in mean nest temperatures and incubation durations (49 to 67 d, n = 21) although spatially (8 km) and temporally (2000 to 2002) the scale was relatively small (Kaska et al. 2006) . It is clear from the above-mentioned studies and the present study that in order to make accurate assessments of hatchling sex ratios at beach level, multi-year data should be incorporated into any assessment. From our data, we would recommend using a minimum of 6 years of incubation data when providing hatchling sex ratio estimates -which in the present study would cover all but the extreme years. For regional assessments, multi-beach and multi-year data gathering are key, and should particularly include rookeries covering a range of physical aspects (such as albedo), and not just concentrate on those beaches with the highest nesting levels. Although the data have a wide temporal coverage there is no apparent trend as a result of climate warming (i.e. shortening of incubation durations); in fact, between 2000 and 2006 there was a slight increase in incubation durations. However, it is unlikely that results of climate warming would be recognisable over such a short timeframe.
As a result of varying sand reflectance, there is spatial variation in incubation temperatures, as has been found at other rookeries for this and other species , Zbinden et al. 2007 ). In Cyprus, some of the beaches on the west (Zone 2) and east (Zone 3) coasts have some of the highest albedo levels and therefore longer incubation durations than those found on the north coast (Zone 1), which have some of the lowest, although aspect and relative degree of insolation cannot be ruled out. The only nesting regions in Cyprus not represented in the present study are the nesting beaches of southern Cyprus (Deme tropoulos & Hadjichristophorou 1989), which support 159 to 256 nests each year (Margaritoulis et al. 2003) . It is unlikely, however, that these regions represent significant male-producing beaches, as our study area encompasses beaches consisting of a wide range of albedos . Instead, it appears that there are local beaches that produce fewer females (albeit still biased towards females) than other roo kery beaches in Cyprus. It is possible that these beaches that produce low-end, femalebiased sex ratios could represent critical habitats for the production of male loggerhead turtles in Cyprus and the adjacent Mediterranean.
Although some study beaches were not monitored daily, patrols were never interrupted for more than 1 or 2 d, and these pauses in survey effort had no marked effect on the ability of workers to identify and locate nests deposited since the previous survey. It should be noted that some nests examined for the present study contained an estimated 1:1 hatchling sex ratio, although these were extremely few in number. To date, no extreme sex ratio bias has been iden-tified in conspecific juveniles in the Mediterranean Sea (Casale et al. 2005 (Casale et al. , 2006 , and genetic analyses suggest that significantly more male green turtles Chelonia mydas mate annually than female turtles, despite female-biased primary sex ratios observed on nesting beaches in Cyprus (Godley et al. 2001b , Wright et al. 2012a ). This may suggest that there is highly female-biased mortality in hatchlings (Warner & Shine 2008) , or that an alternative mating strategy is employed by sea turtles to compensate for skewed offspring sex ratios (Wright et al. 2012b) .
The temperatures encountered during the present study should be considered to be close to the maximum value for each clutch, as dataloggers were placed in the centre of each clutch and likely experienced the greatest amount of metabolic heating. Metabolic heating primarily occurs during the final third of the incubation period, thereby reducing its effect on hatchling sex ratios (which is determined during the middle third of incubation; Broderick et al. 2001 , Zbinden et al. 2006 . Differences in incubation temperatures within a single nest do exist, and previous studies indicate that there is a measured maximum mean of 0.9°C between the top and bottom of clutches (Hanson et al. 1998 , Kaska et al. 1998 , Houghton & Hays 2001 . Due to generally small clutch sizes and shallow nest depths, positioning the datalogger in the centre of each clutch likely provides the best representative temperature, as those at the top of the clutch would be warmer, but experience less metabolic heating.
Another notable point regarding our methodology is that in order to minimise the impact on a protected species we chose to sample only dead hatchlings. This may have introduced some bias into our sampling. However, irrespective of the fact that hotter nests are likely to have greater mortality than cooler nests, it is hard to see how this could introduce a systematic bias in the inferred sex ratio of a given nest unless there was a temperature-and sex-specific mortality bias. In future studies, it may be useful to augment sampling of dead hatchlings and developed embryos from the first laid nests in any season and from beaches which support longer incubation durations. It may also be helpful to fully investigate the thermal profiles experienced that so far have been suggestive of highly skewed sex ratios (Godley et al. 2001a) , and to fully investigate the physical properties of these beaches, e.g. sand albedo, which has been shown to affect incubation temperatures .
The transitional range for temperature-dependent sex determination described here is rather wide compared to some other curve predictions due to the slope of the curve; the flat slopes produced in the present study are almost certainly due to the absence of all-male clutches found during the sex determination part of this study. This is primarily due to the fact that the present study used only natural nests; consequently, temperature manipulation was not possible, with most clutches experiencing only feminising temperatures. This will be further exacerbated in the light of predicted warming and drying within the Mediterranean region as a result of future climate change scenarios (IPCC 2007) .
From the results of this study, it is clear that in order to estimate population hatchling sex ratios accurately, sampling should be undertaken on as wide a spatial and temporal scale as possible. It is conceivable that future conservation management strategies may not simply have to prioritise the protection of sites with the highest number of nesting females, but should also focus on those that produce slightly more male hatchlings , Zbinden et al. 2007 . From the present study, we have been able to identify beaches and zones with a higher percentage of male-producing clutches, which could be used for further conservation measures. It is worth noting that the beaches within Zone 3 are not under special protection and are under threat from building construction. However, the picture for beaches within Zone 2 is currently much brighter, as they are protected under local legislation and are a Special Environmentally Protected Area (SEPA) and part of a potential Natura 2000 site (Fuller et al. 2010) .
Relocation of nests in Mediterranean turtle conservation projects is widespread, often involving transplanting nests that are at risk of being destroyed through inundation and erosion. Nests that experience occasional wash-over may be cooler, and therefore may produce more males; however, nests with no chance of survival because of inundation should be relocated to enhance clutch success (LeBlanc et al. 2012) . Transplanted nests may not truly reflect the dimensions and conditions of the original nest, and if so, conservation managers may need to artificially alter incubation temperatures, either in situ or in hatcheries (Shaver 1996 , Mrosovsky & Godfrey 2010 , Patino-Martinez et al. 2012 . Unfortunately, artificial incubation conservation strategies (either in situ or ex situ) would incur huge financial and human resources which, for many sea turtle conservation groups, would prove prohibitive. Additionally, before selecting the sex ratio of choice (or assuming that a 1:1 sex ratio would be the best option in all cases), many factors would need to be incorporated into the decision making process, such as the operational sex ratio within particular rookeries. Some may argue that in order to increase population size it would be preferable to produce a female-biased sex ratio (Vogt 1994) . However, it could also be argued that the increasing environmental pressures of climate warming (to levels which will either produce all female hatchlings or be lethal to developing embryos) needs urgent attention. Fuentes et al. (2012) identified a suite of possible mitigation measures which could provide management tools in answer to the threat of global warming. The main recommendation from their study was (as we have accomplished here) to identify and improve the protection and population levels of male-producing beaches. This will become of paramount importance in the future should predicted increases in global temperatures become reali ty, leading to (1) a point where near zero male hatchling production is reached and/or (2) in creased embryo mortality due to high incubation temperatures (Ackerman 1997) .
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